-) and soluble reactive phosphorus (SRP), the two major dissolved N and P species available to aquatic biota, respond differently to varying water discharge rates (Q) in agricultural drainage pipes and rivers ( Fig. 1) : SRP concentrations are positively related to Q, whereas NO 3 -concentrations decrease with increasing discharge rates. In addition, NO 3 -N concentrations exceed (in mass units) SRP concentrations up to 700-fold even though the liquid manure applied to agricultural fields has a N:P ratio equal to only about 5. Preferential flow of rainwater across the soil column and different affinities of the two nutrients for the soil matrix explain these differences in behaviour and mobility: Aquat. Sci. 66 (2004) 117-122 1015-1621/04/010117-06 DOI 10.1007/s00027-003-0661-x © EAWAG, Dübendorf, 2004 Aquatic Sciences i. Concentrations of substances that have a high sorption affinity for the soil matrix (such as SRP) tend to increase in drainage pipes and streams as water discharge increases. ii. Concentrations of species that are not retarded by sorption processes (such as NO 3 -) and, hence, do not accumulate in the topsoil, tend to be negatively related to discharge rate.
Introduction
Nitrogen (N) and phosphorus (P) are the two major nutrients controlling productivity of freshwater ecosystems (Elser et al., 1990) . Due to advanced wastewater treatment and the banning of polyphosphates in detergents, soluble reactive phosphorus (SRP) concentrations have decreased substantially in most surface waters in central Europe during the past decades (Gächter and Wehrli, 1998; Zimmermann, 1999) . Today, fertilized soils are the most important source of the remaining P load (Foy and Withers,1995; Stadelmann et al., 2002) and, in many cases, prevent complete restoration of eutrophic lakes.
Contrary to P, NO 3 -concentrations are still increasing or remain at elevated concentrations in Swiss surface waters (Zobrist et al., 1990) . Intensified application of N fertilizer, increasing atmospheric N deposition (originating from combustion processes), and lower denitrification in less productive lakes (due to decreased P load) (Höhener and Gächter, 1993; Mengis et al., 1997; Steingruber, 2001) and rivers less polluted with organic wastes may have contributed to this development.
In many groundwater wells, NO 3 -concentrations temporarily exceed the drinking water limit of 40 mg NO 3 -L -1 (EEA, 1998; Zobrist et al., 1990) and elevated N loading contributes to eutrophication of marine coastal areas (Nixon et al., 1996; Tyrrell, 1999 (Müller, 1990 ) and out-gassing N 2 O, an intermediate product of nitrification and denitrification, contributes to the global warming and the decomposition of the ozone layer. For these reasons the European Countries participating in the Rhine Action Plan agreed to decrease the N discharge into the Rhine River by 50 % (BUWAL, 1993) . In agrarian regions of Switzerland with mainly arable land and grassland, approximately 50 to 60 % of the aquatic N (2000 to 4000 kg km -1 yr -1 ) originates from agricultural soils, 20 % from wastewater treatment plants, 20 % from natural sources and 5 % from combustion processes.
Since soils are important sources for aquatic N and P, and both nutrients are of concern for freshwater as well as marine ecosystems, this study examines three agricultural drainage systems as examples of the soil/water boundary and compares results with those obtained from intensive river monitoring (Gächter et al., 1996) . It further relates concentrations of NO 3 -and SRP to water discharge rates (Q) and explains differences in behavior and mobility of the two nutrient species by their different sorption affinity to the soil matrix.
Study sites and methods

Sites
The three investigated drainage systems discharge into the Buchser Weiher, the Boden Weiher and into the river Kleine Aa in Sempach (Table 1 ) and are located in the Central Swiss Plateau. They drain mainly grassland and some cropland (cereals, rape, corn) and the average annual precipitation at all sites equals about 1200 mm year -1 . The river Kleine Aa drains a sub-catchment (6.9 km 2 ) at the northeastern end of Lake Sempach, situated at an elevation between 505 and 670 m, with 87% (5.4 km 2 ) of the watershed used as farmland. Most of the area is cultivated as grassland, where intensive dairy farming and pig production prevail (average livestock density is 3.1 dairy-cow equivalents ha -1 ). The grassland is mowed up to seven times during the growing season and liquid manure is applied frequently after each cut .
Sampling and chemical analysis
At the Buchser Weiher site, the water discharge of the drainage pipe was monitored with a calibrated triangular weir ("V" angle 90°, height 21 cm) combined with a limnigraph (instrument recording the water level behind the weir). Forty-one spot samples were collected at about bi-weekly intervals and at a higher sampling frequency during two rainy periods in May 1999.
At the Boden Weiher and Sempach sites, drainage water discharge was measured electronically with a magnetic inductive flow meter (PROline promag 50/ 53 W). Spot samples were collected every second day at the Boden Weiher site and at a frequency of 0.3 to 1 h -1 at the Sempach site.
Water discharge of the river Kleine Aa was monitored at a calibrated station equipped with a limnigraph. At this site NO 3 -and SRP concentrations were determined online (every 35 min) with a Flow Injection Analyzer (FIA) as described by Gächter et al., (1996) .
Standard methods were applied for SRP (molybdate method: DEV, 1996) and NO 3 -(salicylic acid method: DEV, 1996) analyses. At the site Buchser Weiher, NO 3 -was measured as NO 2 -with a Procon Auto Analyser after reduction of NO 3 -to NO 2 -on a cadmium column (DEV, 1996) from May to June 1999.
Results and discussion
At all sites, N and P had been applied to the grassland soil as liquid manure at an annual rate of about 233 kg N ha -1 yr -1 and 47 kg P ha -1 yr -1 (Gächter et al., 1996) . Precipitation and microbiological N fixation probably add about 30 kg N ha -1 yr -1 and 1 kg P ha yr -1 (Krummenacher 118 R. Gächter et al. P and N transfer from soil to water NO 3 -and SRP concentrations responded consistently different at each site when drainage water discharge rates varied (Fig. 1) . SRP concentrations were positively related to water discharge, whereas NO 3 -concentrations decreased with increasing discharge rates. Nevertheless, average NO 3 -concentrations (in mass units) exceeded average SRP concentrations (in mass units) 27-fold and 680-fold at the Boden Weiher and the Buchser Weiher sites, respectively (At the site Sempach, NO 3 -was not measured). Since in the supplied liquid manure the N:P ratio equals only about 5 (Gächter et al., 1996) , the strongly elevated ratio in the drainage water indicates that the combined soil/crop system retains P much more efficiently than N. Reported annual loss rates to the surface water account for up to 20% and 3% of the deposited N and P fertilizer, respectively (Gächter et al., 1996) .
In addition to the dependence on water discharge, Figure 1 indicates lower NO 3 -and SRP concentrations during winter than during summer at equal water discharge rates in the river Kleine Aa. The sampled drainage pipes Boden Weiher and Buchser Weiher revealed much lower seasonal variability. This observation suggests that the seasonal differences observed in the river Kleine Aa were not only due to the absence of manure application to the soil in winter but also to a higher ground-water: drainage-water ratio during the typically drier winter months. An increase of this ratio causes the SRP concentration of the river water to decrease because of the usually lower SRP concentration in the groundwater rather than in the drainage water. Furthermore, during winter, the missing NH 4 + application to the soil in combination with reduced nitrification rates explain the somewhat lower NO 3 -concentrations in the groundwater dominated river.
Due to the prohibition of spreading liquid manure from November 1 to the end of February, farms with a small storage capacity are forced to empty partly their tanks just prior to or at the end of this period. Due to low temperature and irradiation, however the ability of plants to take up these nutrients is very limited. Thus, it seems logical that in two drainage pipes as well as in the river Kleine Aa the highest SRP concentrations (apparent high value outliners in Fig. 1 ) were observed just after the beginning and the very end of the mentioned period.
In the initial phase of rain events, SRP concentrations in the Kleine Aa remained consistently low until the discharge had passed its maximum. Then they quickly increased to maximum values and slowly decreased again approximately in proportion to the decreasing water discharge rate (Fig. 2) . In addition to the mentioned seasonally variable ground-water: drainage-water ratio, this short-term hysteresis also contributes considerably to the observed scatter of data if SRP or NO 3 -concentrations are plotted versus water discharge rates (Fig. 1) .
As shown by , in relatively impermeable soils that developed from glacial till (Würm glaciation) and Molasse, about equal fractions (35%) of the annual precipitation trickle slowly through the biogeochemically active soil matrix or bypass it quickly along macropores. During dry weather periods, drainage pipes and the river collect only groundwater. During rain, part of the discharge (the interflow) is generated in the topsoil and conducted quickly to the drainage pipes or river with little further chemical alteration. If the qualities of the groundwater and the interflow generated in the topsoil differ, the resulting river water quality depends on the concentration and quantity of both sources and, hence, on total discharge.
The high affinity of SRP for the soil matrix is well established (e. g., Scheffer et al., 1992) . Most of the SRP applied to the soil accumulates in the topsoil and little reaches the groundwater as the water slowly trickles through the soil matrix. Since this abiotic SRP sorption is reversible, desorption sustains elevated SRP concentrations in the topsoil pore water as long as the rate of desorption equals or exceeds the flushing or dilution rate of the soil porewater by rainwater. As and Stamm et al. (1998) have demonstrated, vertical macropores bypassing the soil matrix can drain this SRP enriched interflow from the topsoil layer to the aquifer or drainage pipes within minutes to hours. Hence, during rainy weather, drainage water represents a variable mixture of "old" groundwater and interflow. Since desorption velocity of SRP from the soil matrix to the aqueous phase is limited, the SRP concentration of the interflow depends on the residence time of the water in the topsoil. It remains relatively low on the rising limb of the hydrograph when the flushing rate of the soil pores is large and, hence, the residence time of the rainwater in the topsoil is short. However, as soon as precipitation and, accordingly, continuous dilution of topsoil pore-water stops, the SRP concentration of the interflow increases. As a consequence, SRP concentration in the river water suddenly increases when the drainage water discharge begins to decrease and it gradually decreases about in proportion to the total flow rate as the drainage and interflow discharge decreases and groundwater flow becomes gradually more important (Fig. 2) . Spot sampling at a low frequency would not reveal this hysteresis behaviour but result in an unexplained large random scattering if SRP concentrations were plotted versus the corresponding discharge rate (Fig. 1) .
In contrast to SRP, NO 3 -is not retained in the solid soil matrix. Pores contribute only about 50% to the topsoil Aquat. Sci. Vol. 66, 2004 Research Article 119 120 R. Gächter et al. P and N transfer from soil to water bulk volume and, in general, are not water saturated. Thus, the topsoil cannot sustain elevated NO 3 -concentration when its pores are flushed with rainwater low in NO 3 -. Typical rainwater concentrations (0.3 mg NO 3 --N L -1 ) are about ten times lower than typical groundwater concentrations (3 to 5 mg NO 3 --N L -1 ). Therefore, as long as macropores drain topsoil-generated interflow, NO 3 -concentrations will be more or less inversely related to the total discharge of drainage pipes or rivers. However, as shown in Figure 2 , NO 3 -concentrations recover after the interflow ceases and groundwater flow starts to dominate the total discharge again. Therefore, the relationship between NO 3 -concentration and discharge is also a hysteresis, but with a different pattern than the SRP hysteresis.
It is probable that NO 3 -concentrations as well as the mobility of SRP are highly variable in the topsoil, depending on the timing of the last manure application, the intensity of biogeochemical reactions (e. g., nitrification), and the recent nutrient uptake by crop plants. This variability also affects the quality of the water supplied to the aquifer, which is further modified by the pathways the water selects across the soil column. These pathways can include matrix flow accompanied by SRP sorption to the soil matrix in deeper layers and microbial production (nitrification) or consumption (denitrification) of NO 3 -, or fast flow along preferential flow paths that are biogeochemically nearly inert. This explains why NO 3 -and SRP concentrations are highly variable in the topsoil water as well as in the groundwater and, consequently, in any mixture of the two components (Fig. 1) .
In summary, macropores draining pore water from the topsoil to drainage pipes or rivers affect their water quality, depending on the physical-chemical properties of the considered substance. Substances that are retarded by sorption (e. g., SRP) tend to be positively related to the discharge rate as long as the soil matrix is not yet completely saturated from the topsoil down to the aquifer. However, limited desorption velocity from the soil matrix causes hysteresis, with lower SRP concentrations occurring on the rising limb of the hydrograph. The resulting large scattering partly masks the postulated positive [P]/Q relationship. In contrast, substances that are not retarded by sorption processes (e. g., NO 3 -) and, hence, do not accumulate in the topsoil tend to be negatively related to the discharge rate.
